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Assessment of the risks posed by severe acute respiratory syndrome (SARS) coronavirus (SARS-CoV) on 
surfaces requires data on survival of this virus on environmental surfaces and on how survival is affected by 
environmental variables, such as air temperature (AT) and relative humidity (RH). The use of surrogate 
viruses has the potential to overcome the challenges of working with SARS-CoV and to increase the available 
data on coronavirus survival on surfaces. Two potential surrogates were evaluated in this study; transmissible 
gastroenteritis virus (TGEV) and mouse hepatitis virus (MHV) were used to determine effects of AT and RH 
on the survival of coronaviruses on stainless steel. At 4°C, infectious virus persisted for as long as 28 days, and 
the lowest level of inactivation occurred at 20% RH. Inactivation was more rapid at 20°C than at 4°C at all 
humidity levels; the viruses persisted for 5 to 28 days, and the slowest inactivation occurred at low RH. Both 
viruses were inactivated more rapidly at 40°C than at 20°C. The relationship between inactivation and RH was 
not monotonic, and there was greater survival or a greater protective effect at low RH (20%) and high RH (80%) 
than at moderate RH (50%). There was also evidence of an interaction between AT and RH. The results show 
that when high numbers of viruses are deposited, TGEV and MHV may survive for days on surfaces at ATs and 
RUHs typical of indoor environments. TGEV and MHV could serve as conservative surrogates for modeling 
exposure, the risk of transmission, and control measures for pathogenic enveloped viruses, such as SARS-CoV 


and influenza virus, on health care surfaces. 


Environmental surfaces have been recognized as likely con- 
tributors to the transmission of nosocomial viral infections 
(25). The question of whether hospital surfaces play a role in 
the spread of nosocomial viral infection took on particular 
urgency during the worldwide outbreak of severe acute respi- 
ratory syndrome (SARS). SARS was a novel coronavirus in- 
fection, and local and institutional outbreaks were driven in 
part by nosocomial spread; cases of SARS were documented 
in health care workers, patients, and visitors in health care 
facilities (20). During outbreaks in health care facilities, sur- 
face sampling for SARS coronavirus (SARS-CoV) revealed 
SARS-CoV nucleic acids on surfaces and inanimate objects (6, 
10). This suggests that surfaces could be sources of virus trans- 
mission. Assessment of the risk posed by SARS-CoV on sur- 
faces requires data on the survival of the virus on environmen- 
tal surfaces and data on how this survival is affected by 
environmental variables, such as air temperature (AT) and 
relative humidity (RH). 

Because working with SARS-CoV requires specially trained 
personnel working under biosafety level 3 (BSL-3) laboratory 
containment conditions, there are significant challenges in 
studying this virus, and only limited data on its survival and 
response to environmental stressors are available. The use of 
surrogate coronaviruses has the potential to overcome these 
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challenges and expand the available data on coronavirus sur- 
vival on surfaces. 

In addition to SARS-CoV, there are two pathogenic human 
coronaviruses that are adapted to propagation and assay in cell 
culture, 229E and OC43, which could serve as surrogates for 
SARS-CoV in survival studies. However, previous studies sug- 
gested that the survival of 229E and OC43 on surfaces may be 
shorter than that of SARS-CoV (10, 35). To evaluate surro- 
gates that might serve as more conservative models of SARS- 
CoV on surfaces, animal coronaviruses were chosen as surro- 
gates for this study. Because SARS-CoV does not fall clearly 
into either of the two groups of mammalian coronaviruses, the 
following two potential surrogates representing the two groups 
were evaluated: transmissible gastroenteritis virus (TGEV), a 
diarrheal pathogen of swine and a member of coronavirus 
group 1, and mouse hepatitis virus (MHV), a respiratory and 
enteric pathogen of laboratory mice and a member of corona- 
virus group 2 (16). The advantages of using these two viruses as 
surrogates are the fact that they can be readily propagated and 
assayed in cell culture systems and the fact that there is no 
human infection risk. There has been some study of TGEV 
survival in aerosols (17), but the data on the environmental 
survival of this potential coronavirus surrogate for SARS-CoV 
are limited. The use of surrogates for studying the environ- 
mental survival of SARS-CoV can increase our understanding 
of the survival and persistence of this virus on environmental 
surfaces, the possible role of such surfaces in the transmission 
of SARS-CoV and other coronaviruses, and the risk posed by 
contaminated surfaces in outbreak settings. Therefore, this 
work was undertaken to determine the effect of AT and RH on 
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the survival of the surrogate coronaviruses TGEV and MHV 
on hard nonporous surfaces. 


MATERIALS AND METHODS 


Preparation of viral stocks. Viruses and cell lines were kindly provided by 
Ralph Baric, University of North Carolina, Chapel Hill, NC. TGEV was grown 
in swine testicular (ST) cell cultures, and MHV was grown in delayed brain 
tumor (DBT) cell cultures. Viral stocks were propagated by infecting confluent 
layers of host cell cultures in flasks, harvesting cell lysates, clarifying the prepa- 
rations by centrifugation (3,000 x g, 30 min, 4°C), and storing the resulting 
supernatants as virus stocks at —80°C. Viral titers were determined by using 
quantal assays for cytopathic effects (CPE) and are expressed below as most 
probable numbers (MPN). Assays were performed with confluent host cell layers 
in 24-well plates containing maintenance medium consisting of Eagle’s minimum 
essential medium (MEM), 10% bovine serum replacement (fetal clone II; Hy- 
Clone, Logan, UT), 10% lactalbumin hydrolysate (Becton Dickinson Co. Sparks, 
MD), and gentamicin (0.1 mg/ml)-kanamycin (0.05 mg/ml). 

Controlled environments. Nine sets of environmental conditions were tested. 
The ATs used were 4°C, 20°C, and 40°C. At each AT, RH of 20% + 3%, 50% + 
3%, and 80% + 3% were used. Controlled RH environments were created in 
sealed containers. Environments with 20% RH were created using calcium sul- 
fate granules (Drierite Co., Xenia, OH). Saturated solutions of magnesium 
nitrate were used for 50% RH environments. For 80% RH environments, sat- 
urated solutions of sodium chloride (4°C), ammonium chloride (20°C), and 
sodium bromide (40°C) were used. AT and RH were monitored using digital 
monitors (Fisher Scientific, Waltham, MA). 

Survival experiments. SARS-CoV is excreted in body fluids, such as respira- 
tory secretions and feces, that have high levels of protein and other biological 
organic matter. It is likely that virus deposited on health care surfaces is embed- 
ded in such proteinaceous, biological organic matter matrices. To simulate dep- 
osition and survival in such matrices, viral inocula were suspended in cell culture 
medium (which contained proteins, other organic biomolecules, physiological 
salts, and other constituents and resembled human secretions) and placed on test 
surfaces. The test surfaces were carriers that were 1-cm* thin stainless steel 
coupons with a no. 4 polish. The carriers were prepared by washing them in 
0.01% Tween 80, followed by one rinse with 70% ethanol, one rinse with distilled 
water, and autoclaving. For survival tests, 10 jl containing 10* to 10° MPN of test 
viruses was inoculated onto three replicate carriers per time point and placed in 
a controlled RH environment. Control carriers (time zero) were kept at each AT 
and RH until they were dry and were sampled immediately after drying. The 
exception was the carrier incubated at 40°C and 80% RH. Under these condi- 
tions, virus inactivation took place within a few hours. Consequently, the carriers 
were sampled beginning at 2 h after inoculation, when the virus inoculum was 
still wet. 

Sampling intervals were chosen after preliminary experiments to assess the 
maximum length of virus survival were performed. At 4°C and all RH values and 
at 20°C and 20% RH, carriers were sampled at 7-day intervals for up to 28 days. 
At 20°C and 50% RH or 80% RH, carriers were sampled at 24-h intervals until 
virus was no longer detectable. At 40°C, carriers were sampled at 2-h intervals 
until virus was not detectable. Based on virus recovery experiments, 1.5% beef 
extract (pH 7.5) was used to elute viruses from carriers (data not shown). At 
desired time points, carriers were removed, placed in a 24-well plate, and covered 
with 1 ml beef extract. Viruses were eluted by agitation on a shaking platform (60 
rpm) for 20 min at room temperature. Eluted samples were diluted in cell culture 
medium, and virus infectivity was assayed using the appropriate host cell line. 
Three replicate carriers were assayed per time point. The virus survival at each 
time point was expressed as logio(N,/No), where N, is the virus concentration (in 
MPN/ml) at time ¢ and No is the initial virus concentration (in MPN/ml) in the 
control sample at time zero. 

Statistical analysis. The statistical analysis was done using SAS (SAS Corp., 
Cary, NC) and GraphPad Prism 5 (GraphPad, San Diego, CA). The parameter 
logio(N,/No) versus time was used to perform a regression analysis for each virus 
and AT-RH condition. At the level of an individual measurement of logi 
inactivation for each day, linear regression was conducted to determine the slope 
of the inactivation line. Slopes were also determined by linear regression using 
the mean log; reduction value for each time point (3 replicates per point). 
Analysis of covariance (ANCOVA) was used to assess the effects of AT, RH, 
time, and virus type on viral inactivation at the level of each individual measure- 
ment. The ANCOVA model is Yi. = Jto + (i + a; + By + Ye) + Eyx, Where 
Yj is logyo inactivation and the variables in the model are as follows: a; is the 
virus (TGEV or MHV; i = 1 or 2), 8; is temperature (4°, 20°, and 40°C; j = 1, 
2, or 3), yz is RH (20%, 50%, and 80% RH; k = 1, 2, or 3), and ¢ is the number 
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FIG. 1. Survival of TGEV and MHV at 4°C and (a) 20% RH, (b) 
50% RH, and (c) 80% RH. Squares, TGEV; circles, MHV. The error 
bars indicate 95% confidence intervals. 


of days exposed to each condition. ANCOVA was also used to determine if there 
was an interaction between AT and RH as a predictors of virus survival. This 
adds an interaction term, 6,,, to the model described above for effects on logy 
inactivation. Using this term allowed evaluation of whether the coefficient days 
depends on the interaction between AT and RH, as well as each of the AT-RH 
conditions. 


RESULTS 


Inactivation of TGEV and MHV over time was measured 
for nine combinations of AT and RH. The survival of TGEV 
and MHV at 4°C and three RH levels is shown in Fig. 1. At 
4°C, infectious virus deposited on stainless steel surfaces at 
initial levels of 4 to 5 log;, MPN persisted for as long as 28 
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TABLE 1. Slopes of regression lines for virus inactivation at 4°C 
and 20, 50, and 80% RH 


MHV TGEV 
RH_ Replicate 
Slope P nes Slope er ie 
20 1 —0.029 0.2124 -—0.031 -—0.016 0.1082 —0.021 
2 —0.036 0.0197 —0.025 0.0124 
3 —0.027 0.1248 —0.023 0.1792 
50 1 —0.161 0.0016 -—0.152 —0.113 0.0415 —0.107 
2 —0.152 0.0042 —0.111 0.0211 
3 —0.143 0.0048 —0.098 0.0354 
80 1 —0.099 0.0067 -0.106 -—0.139 0.0064 —0.133 
2 —0.114 0.0139 —0.139 0.0052 
3 —0.105 0.0171 —0.122 0.0274 
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by day 3 and by 3 log;, over 14 days. The MHV level declined 
by 2.2 log,, by day 5 and by 5 log,, by day 11 at 80% RH. 
Figure 3 shows rates of virus inactivation at 40°C and 20, 50, 
and 80% RH. Every linear regression model was statistically 
significant (P < 0.05). The slopes of regression lines for TGEV 
and MHV inactivation at 40°C and each RH are shown in 
Table 3. Overall, both viruses were inactivated more rapidly at 
40°C than at 20°C. At 20% RH, both viruses survived for up to 
5 days. In contrast, the length of survival at 50% RH was 24 h 
for MHV and <12 h for TGEV, and the length of survival for 
both viruses at 80% RH was <6 h. At 20% RH, the MHV 
infectivity declined by 4.7 log,,) in 5 days, and the TGEV 


days, and the lowest level of inactivation over the 28-day ex- 
periment took place at 20% RH. There was a decrease in the 
observed log,, inactivation rate at 20% and 50% RH from day 
21 to day 28. To better simulate the physical state in which 
viruses in patient secretions are deposited onto surfaces, vi- 
ruses were not dispersed before inoculation. Therefore, possi- 
ble clumping and aggregation effects may have resulted in 
variation in the physical state of the viral inocula on individual 
carriers, possibly contributing to the variations in the rates of 
reduction observed. With the exception of the 20% RH model, 
every linear regression model was statistically significant (P < 
0.05) (the coefficient of the linear model was not equal to 
zero). The slopes of regression lines for TGEV and MHV 
inactivation at 4°C and each RH are shown in Table 1. The 
levels of both viruses declined by <0.5 log, ) over 28 days at 
20% RH. Greater reduction took place at 50% RH, at which 
the levels of both viruses declined by ~3.5 logy, after 21 days. 
At 80% RH, the TGEV level declined by 3.2 logi) over 28 
days, and the MHV level declined by 2.5 logy. 

The effect of RH on viral survival at 20°C is shown in Fig. 2. 
At 20°C, the experiment was terminated at 28 days. At 50% 
RH, the experiment was terminated at 3 days for TGEV and at 
5 days for MHV due to underestimation of the number of 
sampling points needed. At 80% RH, experiments were ter- 
minated when no virus was detectable on the carriers. Inacti- 
vation was more rapid at 20°C at all RH levels than at 4°C. 
Again, there was some variation in the measured viral inocula 
on individual carriers, which may have contributed to the vari- 
ations in log;g reductions observed over the course of the 
experiment. Infectious virus deposited on stainless steel sur- 
faces at titers of 4 to 5 log;yg MPN persisted for at least 3 days 
at 50% RH and for up to 28 days at 20% RH, and the slowest 
inactivation took place at low RH. The linear regression mod- 
els for each replicate at each RH were statistically significant 
(P < 0.05). The slopes of the regression lines for TGEV and 
MHV inactivation at 20°C and each RH are shown in Table 2. 
The levels of both viruses declined by 2 log;) over 28 days at 
20% RH. The highest rate of inactivation was observed at 50% 
RH, at which the TGEV level declined by ~2 logy, by day 3, 
and the level of MHV declined by ~3 log,, by day 5. In 
comparison, at 80% RH, the level of TGEV declined by 1 log; 
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FIG. 2. Survival of TGEV and MHV at 20°C and (a) 20% RH, (b) 
50% RH, and (c) 80% RH. Filled squares, TGEV; filled circles, MHV; 
open circles, value for the sample was below the detection limit of the 
assay (5 logig MPN). The error bars indicate 95% confidence intervals. 
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TABLE 2. Slopes of regression lines for virus inactivation at 20°C 
and 20, 50, and 80% RH 


MHV TGEV 
RH_ Replicate 
Slope ys ae Slope r ie 
20 1 —0.052 0.0057 —0.061 -—0.077 0.0025 —0.081 
2 —0.068 0.0005 —0.079 0.0019 
3 —0.063 0.0291 —0.087 0.0034 
50 1 —0.685 0.0004 -—0.685 —1.083 0.0003 —0.896 
2 —0.649 0.0004 —0.792 0.0029 
3 —0.721 <0.0001 —0.814 0.0316 
80 1 —0.550 0.0001 —0.529 —0.212 0.0001 —0.212 
2 —0.531 0.0001 —0.236 0.0001 
3 —0.506 0.0001 —0.189 0.0001 


infectivity declined by 3.5 log;, in 5 days. Unlike the results at 
20°C, the loss of infectivity at 40°C was more rapid at 80% RH 
than at 50% RH. At 40°C and 80% RH, the infectious titers of 
MHV and TGEV were 4.1 and 2.8 log,, lower at 3 h, respec- 
tively. 

ANCOVA modeling appeared to explain some of the vari- 
ation in virus inactivation (R? values for replicates 1, 2, and 3, 
0.45, 0.52, and 0.41, respectively [P < 0.0001]). A test for equal 
slopes for a type of virus, performed at the level of individual 
measurement, indicated that the log,, inactivation did not dif- 
fer for the two viruses tested (for replicate 1, P = 0.29; for 
replicate 2, P = 0.20; for replicate 3, P = 0.17). AT and RH are 
significant predictors of log, inactivation (P < 0.0001), as is 
time (for replicate 1, P = 0.03; for replicate 2, P < 0.0001; for 
replicate 3, P < 0.0001). For all three replicates, the test of 
equal slopes comparing the RH levels showed that there was a 
significant difference between 20% RH and 50% RH (for all 
replicates, P < 0.0001) and between 20% RH and 80% RH 
(for all replicates, P < 0.0001) but no significant difference 
between 50% RH and 80% RH (for replicate 1, P = 0.53; for 
replicate 2, P = 0.77; for replicate 3, P = 0.88). 

The ANCOVA model with addition of an interaction term 
explains more of the variation in inactivation than the previous 
model (R? values for replicates 1, 2, and 3, 0.75, 0.72, and 0.70, 
respectively; P < 0.0001). In this model, AT (P < 0.0001), RH 
(P < 0.0001), and the interaction between AT and RH (P < 
0.0001) are all significant predictors of log,) inactivation. As in 
the first model, virus type was not a significant predictor of 
inactivation (P = 0.14). 


DISCUSSION 


This study was the first study to examine the individual and 
synergistic effects of AT and RH on coronavirus survival on 
surfaces. The results show that when high numbers of the 
surrogates TGEV and MHV are deposited, these viruses may 
survive for days on surfaces at the ambient AT and wide range 
of RH levels (20 to 60% RH) typical of health care environ- 
ments. TGEV and MHV may be more resistant to inactivation 
on surfaces than previously studied human coronaviruses, such 
as 229E (28). SARS-CoV has been reported to survive for 36 h 
on stainless steel (35), but the reductions in the levels observed 
were greater than those seen for either TGEV or MHV at 20°C 
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at any RH in this study. However, the AT and RH conditions 
for the previous experiment were not reported, making com- 
parisons difficult. Rabenau et al. (23) reported much slower 
inactivation of SARS-CoV on a polystyrene surface (4 logi9 
reduction after 9 days; AT and RH conditions not reported), 
consistent with some observations for TGEV and MHV in the 
present study. There are some similarities with studies of an- 
other enveloped virus, human influenza virus, on surfaces in 
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FIG. 3. Survival of TGEV and MHV at 40°C and (a) 20% RH, (b) 
50% RH, and (c) 80% RH. Filled squares, TGEV; filled circles, MHV; 
open squares, value for the TGEV sample was below the detection 
limit of the assay (4 log;g MPN); open circle, value for the MHV 
sample was below the detection limit of the assay (4 log;y7 MPN). The 
error bars indicate 95% confidence intervals. 
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TABLE 3. Slopes of regression lines for virus inactivation at 40°C 
and 20, 50, and 80% RH 


MHV TGEV 
RH_ Replicate 
Slope P Meat Slope P Mean 
slope slope 
20 1 —0.984 0.0001  —-0.990  -1.396 0.0022 —1.523 
2 —0.957 0.0003 —1.586 0.0134 
3 —1.028 0.0002 —1.586 0.0134 
50 1 —9.220 0.0015 —8426 -—12.440 <0.0001 —11.280 
2 —6.635 0.0293 —11.680 <0.0001 
3 —9.424 0.0034 —9.720 <0.0001 
80 1 —16.008 0.0046 —15.948 —10.354 0.0006 —9.857 
2 —16.092 0.0032 —9.951 0.0020 
3 —15.744 0.0108 —9.266 0.0089 


that at higher RH (50 to 60%), the inactivation kinetics are 
closer to those of TGEV and MHV (21). 

In the experiments in this study, the relationship between 
inactivation and RH was not monotonic, and survival was 
greater at low RH, a finding reflected in the results of previous 
studies of coronaviruses and other enveloped viruses in aero- 
sols. Previous studies of TGEV and human coronavirus 229E 
in aerosols found that there was greater survival at low RH 
than at high RH (15, 17). Greater survival of other enveloped 
viruses, including vaccinia virus, Venezuelan equine encepha- 
litis virus, and influenza virus, at low RH has been observed 
previously (11, 12, 13, 26, 27). 

Overall, virus survival was enhanced by a lower AT. Similar 
relationships between AT and virus inactivation have been 
observed for enveloped viruses in liquids (7, 29) and aerosols 
(11, 15). The coronavirus data obtained in this study suggest 
that although the rates of viral inactivation are lower at lower 
ATs, there are still different effects of RH on viral survival at 
each AT. At 40°C, the same protective effect of low RH was 
seen at 20% RH compared to that at 50% and 80% RH. 
Overall, however, inactivation was more rapid at all three RH 
levels at this high AT. It may be that at 40°C AT effects are the 
predominant effects that cause viral inactivation and that RH 
levels play a lesser role than they do at lower ATs. The results 
of the statistical analysis suggest that RH has a greater effect 
on viral inactivation than AT, but there are interactions be- 
tween AT and RH. The relationship between AT, RH, and 
virus inactivation is still not entirely clear and may vary de- 
pending on the virus type (1, 19). 

Multiple mechanisms may contribute to viral inactivation on 
surfaces. Some inactivation may take place when viral capsids 
accumulate at the air-water interface (AWI) of a solution, 
causing structural damage (30, 31, 33). Desiccation may also be 
an important contributor to inactivation on surfaces (1), as loss 
of water molecules triggers lipid membrane phase changes, 
cross-linking, Maillard reactions, and peroxide formation (9). 
Virus inactivation on surfaces may involve both desiccation 
and interaction at the AWI, with the contribution of each 
depending on the RH. At a low RH, oxidation and Maillard 
reactions that occur during rapid desiccation may predomi- 
nate. Around 80% RH, the rate of loss of water molecules is 
slowed, the hydrophobicity of the AWI is decreased (19), and 
the main mechanism may be inactivation at the AWI. Around 
50% RH, inactivation at the AWI and desiccation may occur 
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simultaneously; as water molecules are lost, lipid oxidation and 
Maillard reactions occur (the maximum rates of Maillard re- 
actions occur when the RH is 50 to 80%) (9), possibly provid- 
ing a partial explanation for why viral inactivation appears to 
be more rapid at 50% RH than at 20% or 80% RH. 

At ambient ATs (around 20°C), coronaviruses can survive 
for 2 days while losing only 1 to 2 log, infectivity, depending 
on the RH. Nasopharyngeal aspirates from infected individuals 
with SARS can have viral loads ranging from 10° to 10° ge- 
nome templates/ml (8, 14, 22, 34), suggesting that respiratory 
secretions from SARS patients may contain infectious virus. If 
deposited on surfaces in these types of secretions, coronavi- 
ruses could potentially survive on surfaces in health care envi- 
ronments for days. Evidence of SARS-CoV nucleic acids on 
surfaces and inanimate objects in hospitals has been reported 
(6, 10). However, there are no data on the occurrence of 
infectious SARS-CoV on these surfaces. The dose-response 
relationship and minimal infectious doses for infection of hu- 
mans by SARS-CoV and other coronaviruses have also not 
been defined. Given these gaps in our knowledge, the magni- 
tude of the risk due to virally contaminated surfaces is uncer- 
tain and should be examined further. 

The survival data for TGEV and MHV suggest that envel- 
oped viruses can remain infectious on surfaces long enough for 
people to come in contact with them, posing a risk for exposure 
that leads to infection and possible disease transmission. This 
risk may also occur for other enveloped viruses, such as influ- 
enza virus (3, 4). The potential reemergence of SARS or the 
emergence of new strains of pandemic influenza virus, includ- 
ing avian and swine influenza viruses, could pose serious risks 
for nosocomial disease spread via contaminated surfaces. 
However, this risk is still poorly understood, and more work is 
needed to quantify the risk of exposure and possible transmis- 
sion associated with surfaces. Statistical analysis showed that 
TGEV and MHV do not differ significantly in their inactiva- 
tion kinetics on surfaces, and both viruses may be suitable 
models for survival and inactivation of SARS-CoV on surfaces. 
However, more data on the survival rates and inactivation 
kinetics of SARS-CoV itself are needed before these relation- 
ships with other coronaviruses can be definitively established. 
However, the findings of this study suggest that TGEV and 
MHV could serve as conservative surrogates for modeling ex- 
posure, transmission risk, and control measures for pathogenic 
enveloped viruses, such as SARS-CoV and influenza viruses, 
on health care surfaces. 
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